Introduction
This study focuses on portions of the Carriger Creek fan and the City of El Verano, California, encompassing an area of several square kilometers (Figure 1 ). The area is within the Sonoma Creek watershed, in southeastern Sonoma County. Groundwater is a key component of the water supply, and is tapped for domestic use, public water supply, and irrigation of cultivated land. Sonoma County Water Agency and the U.S. Geological Survey are engaged in groundwater investigations that are aimed at providing information for enacting a groundwater management plan (Farrar et al., 2006; SCWA, 2007) . According to Farrar et al. (2006) , a portion of land covered by native vegetation has been converted to irrigated agricultural use (mainly vineyards) and urban/suburban development over the last 30 years. There has been a concurrent increase in groundwater extraction for irrigation, in the number of wells drilled, and in the depth of wells drilled. Farrar et al. (2006) present details of the geology and hydrology of the Sonoma Valley.
In the present study, isotopic and chemical constituents were analyzed to put constraints on the location, source, and timing of recharge to groundwater in the El Verano area. Specifically, the study employed tritium-helium age dating to constrain subsurface residence time, stable isotopes of the water molecule to identify source waters, and chemical constituents such as major anions and volatile organic compounds to examine changes in water quality during transport and to look for tracers of surface water/groundwater interaction. This GAMA Special Studies Project is part of a comprehensive assessment of groundwater in California. More information about GAMA is available at www.waterboards.ca.gov/gama/.
In January and February, 2008, Lawrence Livermore National Laboratory (LLNL) sampled 10 wells in the El Verano and Carriger Creek area of Sonoma Valley. Prior results from a municipal drinking water well in El Verano (2P2) that was sampled in 2004 as part of the statewide GAMA Priority Basin Study (Kulongoski et al., 2006) are also discussed. In addition, the two main creeks that drain the area were sampled during two periods of high runoff, and rainwater samples were collected over a one week period from a rain gauge at a private El Verano residence on Solano Avenue near Carriger Creek. All data are tabulated in Tables 1 through4. 
Isotopic Data in the Sonoma Valley, California
TRITIUM-HELIUM DATA Figure 2 shows the locations of sampled wells, including screened interval (if known), 3 Overall water quality is very good, with extremely low or non-detectable concentrations of volatile organic compounds (VOCs; Table 1), very low total organic carbon (TOC; Table 2) in streams (approximately 2 mg/L) and extremely low TOC in groundwater (0.2 mg/L). Total dissolved solids (TDS) in old, deep groundwaters are relatively low overall, only about 50% higher than average stream water values.
The most western well (9J1 in Tables 1 and 2 ; 005N6W9J1 in Figure 2 ) has a distinct chemical and isotopic signature suggesting that it is not part of the flow system represented by the other wells. The isotopic composition of water produced by this well is depleted in the heavier isotopes suggesting somewhat higher elevation recharge, has higher TDS, is a bicarbonate water, and is strongly reducing. Figure 3 is a schematic drawing of a municipal well, a shallow monitoring well, two deeper monitoring wells, and a domestic water well in the El Verano area; open screened intervals are represented by shaded zones. Although the shallow monitoring well exhibits the youngest apparent groundwater age, its low tritium concentration indicates that the well also draws a large component of older, tritium-free water. An even older component, which contains measurable radiogenic 4 He, is found in the two deeper monitoring wells and in the drinking water well, but not in the shallow monitoring well. The municipal drinking water well (2P2) produces mixed aged water with the broadest age distribution; it produces groundwater containing tritium, with a mean apparent 3 H-3 He age of 38 years, and a large component of older tritium-free water (98%), a fraction of which has a residence time of more than 200 years, based on the concentration of radiogenic 4 He. He contribution), and calculated noble gas recharge temperature. Figure 4 compares the range of tritium concentrations found in the El Verano study area compared to the composite distribution of tritium concentrations for wells sampled by GAMA program in California. Tritium concentrations in the El Verano study area fall in the lower third of the tritium distribution of GAMA samples in California. The relatively low tritium in the El Verano area is explained by the high fractions of pre-modern groundwater. Groundwater in shallow wells of the El Verano area has a relatively large pre-modern fraction compared to other wells sampled by the GAMA program in California. Figure 5 shows results of the analysis of stable isotopes of the water molecule ( 2 H/ 1 H and 18 O/ 16 O) in wells, creek water, and precipitation. Precipitation samples show by far the largest range, reflecting short term variations in the direction of storms and their source of moisture. Two of the precipitation samples fall on the Global Meteoric Water Line (GMWL) and another three fall on a local meteoric water line, which is above and parallel to the GMWL. These are common observations for small sample sets of stable isotopes in precipitation in any setting. Surface water samples from Carriger Creek and Sonoma Creek fall in a relatively narrow range in the middle of the range in precipitation and within the range observed for groundwater samples. Surface water and groundwater stable isotope ranges suggest that the main source of overland flow and recharge to aquifers is local precipitation. There is no evidence for a significant component of water from higher elevation, nor is there evidence for significant evaporation before recharge. 
WATER ISOTOPES

GROUNDWATER RECHARGE TEMPERATURES
Noble gas-derived groundwater recharge temperatures provide useful constraints on recharge and transport because recharge temperatures can indicate the source or location of recharge. Figure 6 compares groundwater recharge temperatures calculated from the concentrations of dissolved noble gases to wellbore temperature profiles (top) and the temperatures of discharged well water (bottom) for wells 11C3, 11C4, and 11C5 (monitor wells MW-C, B, and A in Figures 1 and 2 ) and other wells outside the study area.
For most samples, the calculated noble-gas recharge temperature is higher than the measured discharge temperature (Figure 6 , bottom). Calculated recharge temperatures are also somewhat warmer than the mean annual air temperature for the region (Figure 6 bottom, orange oval), and are significantly warmer than stream water temperatures observed during the sampling period ( Figure 5 bottom, blue oval). One explanation for these observations is that recharge is more likely during warmer Fall and Spring rain and flooding events, and less likely during cooler Winter events when antecedent water impedes infiltration and recharge. Alternatively, subsurface temperatures in the unsaturated zone where noble gases equilibrate with soil gas are warmer than mean annual temperature due to elevated geothermal gradients. Notably, the calculated noble gas recharge temperatures ( Figure 6 bottom) largely align with the projection of wellbore temperatures toward the water table (the shallowest temperature measurements in Figure  6 top). (Farrar et al., 2006) in wells 11C3, 11C4, and 11C5 and other wells outside study area. Bottom: Produced water temperature versus noble gasderived recharge temperature for wells sampled in this study. Mean annual air temperature (as determined using NOAA/GISS data from the Healdsburg, Santa Rosa, and Napa stations) is shown by the orange oval. Stream water temperatures during the sampling period (JanuaryFebruary 2008) are shown by a blue oval. Note that the wellbore temperature data (top) are scaled on the x-axis to the temperature scale for the recharge temperature (bottom).
Except for the 2P2 production well and the deepest monitoring well (which have slightly lower recharge temperatures), the noble gas recharge temperatures fall in a very narrow range, suggesting that water infiltrates slowly enough to equilibrate with the unsaturated zone temperature near the water table. The narrow range of recharge temperatures ( Figure 5 , bottom) is similar to measured temperatures near the top of the saturated zone in wells 11C3, 11C4, and 11C5 ( Figure 5 , top). The noble gas recharge temperatures combined with measured temperatures in wells suggest groundwater recharge in the Carriger Creek and El Verano areas migrates through the unsaturated zone. Additionally, moderately high concentrations of 'excess air' (dissolved gas in excess of equilibrium solubility entrained during recharge through the unsaturated zone; Table 4) these wells argue against stream recharge as the dominant recharge mechanism. The fact that the USGS study (Farrar et al., 2006) characterizes Sonoma Creek as a gaining stream in the El Verano area further supports groundwater recharge by percolation on the Carriger Creek Fan and not from Sonoma Creek.
The two wells exhibiting depressed recharge temperatures are characterized by relatively old ages and high concentrations of radiogenic 4 He. The lower recharge temperatures may therefore be evidence for a component of very old groundwater, recharged during a cooler climate.
NITROGEN AND OXYGEN ISOTOPES
Nitrate isotopic composition was determined in five wells (Figure 7) . Four of the sample nitrate isotopic compositions fall in a narrow range for nitrate-δ 15 N and three are grouped in a narrow range for both nitrate-δ 15 N and nitrate-δ 18 O. The δ 15 N value of about 12‰ is in the range expected for animal waste or soil nitrate. The concentrations of nitrate are low but somewhat higher than expected for natural, background levels (except for one private well which had a concentration of 31 mg/L as nitrate, still well below the MCL of 45 mg/L). 
Conclusions
Interpretation of isotopic data in groundwater from the area around El Verano, California points to dispersed recharge of locally-derived water that reaches the capture zone of domestic supply wells after two or more decades. Dispersion can account for apparently old 3 H-3 He ages and high fractions of pre-modern groundwater in shallow wells (see Carle et al., 2010) . Deep monitoring wells and a high capacity drinking water well draw even older water, containing little or no tritium, having entered the aquifer more than five decades ago. Recharge temperatures, 3 H-3 He age, and fractions "pre-modern" suggest recharging waters migrate through an unsaturated zone in the Carriger Creek, El Verano area. The interpretations of derived parameters from dissolved gas constituents rule out significant recharge from Sonoma Creek. Nitrogen and oxygen isotope data indicate denitrification occurs between shallow oxidizing and deeper reducing zones. Better interpretation of the 3 H-3
He data with respect recharge sources and processes can be achieved through construction of a two-dimensional groundwater flow model on the axis of Carriger Creek fan through El Verano to Sonoma Creek and more sampling points.
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California GAMA Special Study 13 ***LLNL data from GAMA Priority Basin Project (Kulongoski, 2006) A shallow aquifer system near the city of El Verano in Sonoma Valley, California, supplies urban and rural water users. In this study, nine wells ranging in depth from 82 to 674 feet were sampled for tritium and 3-helium to estimate groundwater age. Seven wells 90 to 312 feet deep yielded a non-zero fraction of modern (< 50 year old) groundwater. However, the modern fraction ranged from only 2 to 7% for five of these seven wells, with apparent ages of 24-29 years. For two relatively shallow wells (~100 feet deep) closer to a stream, modern fractions increased to 22-25%, and apparent age decreased to 16-18 years, indicating closer proximity to a recharge sources.
Stable isotopes of the water molecule in local precipitation, streams, and groundwater fall within a narrow range, indicating locally derived water as the source of recharge. In deeper wells, colder noble gas recharge temperatures suggest a component of recharge dating back thousands of years. Radiogenic 4-helium concentrations up to 4.0e-6 cc(STP)/g indicate contribution from deep groundwater sources in both deep and shallow wells.
These groundwater age and isotopic data indicate groundwater supplies in the El Verano area mostly originate from pre-development recharge and deep sources. Even the shallowest wells are remotely connected to local recharge processes. Water level data show declining trends with depth. Simulation of gas-liquid phase flow and transport of water, air, tritium, and 3-helium components is used to reconcile age data with groundwater level trends. Hydrostratigraphy of thin aquifers and thick aquitards having depth-decreasing permeability yields simulation results consistent with the data. In terms of groundwater age and isotopic signature, this shallow aquifer system behaves like a relatively deep basin. Mean Age Lawrence Livermore National Laboratory "Pre-Modern" groundwater corresponds to pre-bomb peak groundwater. Simulation of 3 H-3 He Apparent Groundwater Age Including Gas-Liquid Phase 3 H and 3 He Transport. Lawrence Livermore National Laboratory
Conclusions and future work
Dispersion can cause apparently old 3 H-3 He ages and high % pre-modern groundwater in shallow wells.
Groundwater models should calibrate to 3 H-3 He age data using 3 H-3 He properties.
Recharge temperatures, 3 H-3 He age, and % "pre-modern" suggest recharge spends time in vadose zone.
We need to construct a 2-D groundwater flow model on the axis of Carriger Creek fan through El Verano to Sonoma Creek.
